The objective of this study was to characterize breed differences using SNP available on commonly-used marker panels compared to using genome-wide SNP haplotypes derived from the same markers. The percentage of breedspecific segregating haplotypes was much higher than that of SNPs. Principal components of haplotypes characterized breed difference better than SNP genotypes. Results indicate that haplotypes characterize breed differences more adequately than SNP genotypes and hence offer promise to improve genomic prediction and fine mapping in multi breed populations.
Introduction
Linkage Disequilibrium (LD) reflects the extent to which a particular allele at one locus is inherited together with a particular allele at another locus. Genomic prediction using SNP panels will be more effective when a marker locus on the panel is in high LD with a causal mutation at a quantitative trait locus (QTL) having a major effect on a trait. In beef cattle populations, LD between QTL and SNPs can be high in one breed but low and inconsistent across breeds, because QTL can be fixed within certain breeds or have different minor allele frequencies (MAF) among breeds. The SNPs used for genotyping panels are selected to be informative by having moderate to high MAF, and these cannot well characterize breed differences at QTL with low frequency alleles. Thus breed differences characterized by SNP genotypes are inadequate in representing differences at QTL, which leads to low accuracy of across-breed genomic prediction.
Alleles at nearby SNP loci tend to be inherited together in what is referred to as a haplotype. The inadequate LD between SNPs and QTL can be improved using haplotypes within short genomic windows that are constructed from phased SNP genotypes. With sufficient SNP density, haplotypes 1) can be in complete LD with QTL irrespective of the MAF of QTL, and 2) can capture genetic variance at multi-allelic loci. The objective of this study was to investigate the advantage of haplotypes over SNP genotypes in characterizing breed difference of multiple beef cattle breeds.
Materials and Methods
The beef cattle datasets include 1,905 Angus (AAN), 1,449 Charolais (CHA), 1,214 Gelbvieh (GVH), 1,500 Hereford (HER) and 1,500 Simmental (SIM) animals that were genotyped with a Bovine 50K SNP chip. Within each breed, the 50K genotypes were imputed to a much higher density HD panel using a sample of HD-genotyped animals from each of the same breeds as reference populations. The imputed HD genotypes were phased for haplotype analyses. A total of 607,039 HD SNPs on chromosome 1 ~ 29 were used in analysis after removing SNPs with MAF ≤ 0.01.
Each chromosome was divided into consecutive nonoverlapping windows with length 0.1 or 1Mbp corresponding to about 1,000 or about 100 windows per chromosome. Haplotypes at each window with allele frequency ≤ 0.01 were defined as rare haplotypes and otherwise as common haplotypes. At each window, the LD between each SNP and all unique haplotypes was evaluated using a χ 2 statistic, which equaled 1 under complete LD and 0 under no LD, and the LD between pairwise SNPs was evaluated as the correlation coefficient between their genotypes. Principal component analysis was performed for animals in five breeds using SNP genotypes or haplotypes.
Results and Discussion
When the window length increased from 0.1 to 1 Mbp, the average number of SNPs within each window increased more than 10 fold, however, the average number of unique haplotypes only increased one fold, and the number of common haplotypes remained constant (Table 1) . The average LD between pairwise SNPs was < 0.2 at low MAF and increased to 0.4 at high MAF. In contrast, the average LD between haplotypes and SNPs was close to 1.0 irrespective of MAF of SNPs (Figure 1) . Results suggest that haplotypes are in almost complete LD with SNPs used in their construction -much higher than the LD between pairwise SNPs.
The percentage of SNPs segregating in all five breeds was 88%, with only 3.5% unique to CHA and less than 1% unique to each of the other four breeds. In contrast, less than 10% of common 0.1Mbp haplotypes were segregating in all five breeds, with a substantial percentage being unique to each of the five breeds (Figure 2 ). Separation of breeds by principal components was much clearer using 0.1Mbp haplotypes compared to SNP genotypes (Figure 3) . Results suggest that haplotypes capture breed differences better than SNP genotypes due to the high proportion of breed-specific haplotypes.
In conclusion, haplotypes characterize breed differences much better than SNP genotypes. Fitting haplotypes can potentially improve accuracy of genomic prediction and assist in fine mapping of QTL in structured populations including multiple breeds. 
